OBJECTIVE: Leptin, a primarily adipose tissue-derived protein product of the obesity (ob) gene, is an important regulator of energy metabolism. The strong association between body fat mass and elevated circulating leptin levels in humans suggests that leptin resistance, rather than leptin production, may contribute to the development of obesity and associated disorders. The purpose of this study is to evaluate the relationship between circulating plasma leptin levels and regulation of body weight over time among US men. DESIGN: Four-year prospective study. SUBJECTS: A total of 247 men from the Health Professionals Follow-up Study, who at baseline (1994), were 47 ± 64 y of age, were free of cardiovascular diseases, diabetes mellitus and malignant neoplasmas, and completed a detailed lifestyle questionnaire. In addition, all participants completed a follow-up questionnaire in 1998. MEASUREMENTS: Baseline plasma leptin levels and 4-y weight change. RESULTS: At the start of follow-up, men in the highest quintile for plasma leptin (mean 12.1 ngaml) weighed more, were less physically active, and had higher circulating insulin levels than men in the lowest quintile (mean 2.7 ngaml). After adjustments for baseline age, weight, height, smoking status, alcohol intake, and physical activity, each 10 ngaml increase in plasma leptin concentration was associated with a 1.68 kg (95% CI 0.14 ± 3.18 kg) weight gain over the 4-y follow-up period. The observed association between leptin level and weight gain was limited to men with a baseline body mass index (BMI) of ! 25 kgam 2 , in whom a 10ngaml higher baseline leptin was associated with a 2.45 kg (95% CI 0.73 ± 4.18-kg) weight gain. Further adjustments for baseline total energy intake, plasma insulin and soluble tumor necrosis factor receptors levels did not appreciably alter these results. Plasma insulin level was not independently associated with subsequent weight gain. CONCLUSION: These results suggest that elevated plasma leptin concentrations among overweight men may be a marker of leptin resistance and subsequent weight gain.
Introduction
Obesity de®nes a condition of excessive adiposity and predisposes the affected individuals to a cluster of pathological states including cardiovascular disease, diabetes mellitus, stroke and other chronic diseases. 1 ± 7 Obesity has become an increasingly important global public health problem, especially among developed countries. In the US, the prevalence of overweight (BMI ! 25 kgam 2 ) has risen from 47.9 to 57.6% in men and from 37.3 to 45.7% in women between 1960 and 1994. 8 The etiology of human obesity is complicated and poorly understood, however, positive energy balance over time is believed to be the primary cause. 9 ± 11 In recent years, identi®cations of several new genes in rodent and human obesity have intensi®ed the efforts to understand the mechanisms underlying disturbed energy balance. One such molecule, leptin, is primarily an adipose tissue protein product of the obesity (ob) gene. Leptin is a multifunctional polypeptide with important effects on energy metabolism. 12 ± 21 In animal models, leptin de®ciency results in a complex syndrome with severe obesity, insulin resistance and reproductive dysfunction that is reversed by exogenous leptin administration. 13 ± 15,22 Leptin is also a signi®cant regulator of body weight in humans. 23, 24 However, leptin de®ciency either at the level of ligand or receptor appears to be an extremely rare cause of obesity in humans. 25, 26 Instead, in most human populations, leptin concentrations are highly positively correlated with the body fat amount, mass and percentage and with body mass index. 27 This suggests that human obesity is associated with a state of resistance to the effects of leptin, 28 ± 30 a model reminiscent of insulin action in type 2 diabetes. Hyperleptinemia, as hyperinsulinemia for insulin resistance, may be a marker of leptin resistance in humans.
Although current evidence suggests that leptin resistance, rather than leptin de®ciency, is more common in human obesity. 27,31 ± 33 Furthermore, it has been dif®cult to establish that leptin resistance precedes obesity or is a consequence thereof. 34 The limited prospective data on leptin levels and weight change in humans are inconsistent. Differences between studies may be due to variations in study size, follow-up period, and completeness of assessment of energy intake and physical activity. 35 ± 38 To address these issues, we conducted a 4-y prospective study to evaluate the baseline plasma leptin levels and body weight change among US male health professionals, and tested the hypothesis that the association between baseline plasma leptin and weight gain over time may differ for normal-weight and overweight subjects as a result of relative leptin resistance in the latter subjects.
Materials and methods
The Health Professionals Follow-up Study The Health Professionals Follow-up Study (HPFS) is a prospective study designed primarily to investigate the association between diet and chronic disease among men. At baseline in 1986, 51 529 male US dentists, pharmacists, veterinarians, podiatrists and osteopathic physicians, who were 40 ± 75 y of age, completed a detailed questionnaire assessing average dietary intake, lifestyle characteristics, and medical history. Every 2 y, participants have been recontacted to ascertain newly diagnosed disease and re-assess risk factors. In 1993 ± 1995, in addition to the biennial questionnaire information, 18 225 participants provided venous blood samples. The distributions of anthropometric, dietary and lifestyle characteristics were similar between the two populations who did and did not return a blood sample.
Research design
From the 18 225 men who returned a blood sample between 1993 and 1995, we excluded 8922 men who had not completed questionnaire information on diet, cigarette smoking, alcohol consumption and physical activity from 1986 to 1994. Since several chronic disease conditions may in¯uence weight change, we also excluded 208 men with cardiovascular disease, diabetes, gastric or duodenal ulcer, liver disease and cancer (except nonmelanoma skin cancer). From the remaining men, we randomly sampled 468 subjects (47 ± 83 y of age) based on seven clusters de®ned by their self-reported alcohol consumption pattern (eg none, light, moderate, heavy, binge, etc). We also excluded men with missing or invalid weight information for 1998. Finally, due to the complexities of body weight change among older populations (changes are due to bone loss and muscle wasting, as well as to changes in body fat), we included only those that were 47 ± 64 y of age in 1994 (n 247).
Exposure and outcome measurements
Anthropometric measurements.
Each participant was asked to report his height to the closest inch at baseline and his current weight in pounds at baseline and on each biennial questionnaire. The validity of the self-reported anthropometric measures in this cohort is described elsewhere. 39 We calculated body mass index (BMI) as the ratio of body weight to body height squared (kgam 2 ) In accordance with the new guidelines, 40 we de®ned overweight as a BMI of ! 25 kgam 2 .
Lifestyle characteristics. At baseline and on each biennial follow-up questionnaire, participants reported their current smoking status. Current smokers were divided into two subgroups according to the number of cigarettes smoked per day (1 ± 14 or ! 15). Alcohol intake was calculated by summing the consumption frequency (as reported by participants on the semiquantitative food-frequency questionnaire (SFFQ) and average alcoholic content of beer, red wine, white wine and spirits. The reproducibility and validity of self-reported alcohol consumption have been evaluated in detail within the HPFS. Intakes of alcohol reported over the previous year by SFFQ were highly correlated with intake assessed by two 1 week diet records (r 0.86). 41 The biennial questionnaire, which contains questions about the types and frequency of common leisure time physical activities undertaken, measures the average amount of time spent weekly at four sedentary activities and 10 speci®ed activities during the past year. Metabolic equivalents for the task (METs) are de®ned for each type of physical activity as a multiple of the metabolic equivalent for sitting quietly for 1 h. Further details on physical activity assessment in this cohort are presented elsewhere. 42 In a validation study of this questionnaire, vigorous activity assessed by the questionnaire was correlated with resting pulse (r À0X45) and post-exercise pulse (r À0X41).
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Dietary information. Data on average nutrient intake were derived from the SFFQ administered in 1994. Consumption of more than 135 nutrients and non-nutrient dietary factors was calculated from the questionnaire, whose Plasma leptin and weight gain among men N-F Chu et al reproducibility and validity have been evaluated in detail within the HPFS. The correlation of values for nutrients estimated on the SFFQ and those measured during 2 weeks of diet recording ranged from 0.37 for polyunsaturated fat to 0.92 for vitamin C with supplements (average 0.65) after adjustment for total energy and for within-person variation in intake. 43 Measurements of biochemical variables. From April 1993 through August 1995, we received, aliquoted and stored in liquid nitrogen 18 225 blood samples from study participants. To reduce extraneous between-person variation, we requested fasting blood samples. However, if subjects were not fasting, a questionnaire was requesting information on the date and time the sample was drawn and the time elapsed since the preceding meal. Blood samples were collected in three 10 ml liquid EDTA blood tubes, placed on ice packs stored in styrofoam containers, and returned to the laboratory by overnight courier. More than 95% of samples arrived within 24 h after venipuncture. Upon arrival, each sample was centrifuged and aliquoted for storage in liquid nitrogen (7150 C). Fewer than 15% of samples were slightly hemolyzed, and very few were moderately hemolyzed (`3%), lipemic (`1%), or not cooled upon arrival (`0.5%). We found excellent stability of plasma leptin 44 and soluble tumor necrosis factor receptor (sTNF-R) levels (unpublished observations).
We measured plasma leptin concentrations by radioimmunoassay (RIA), using a commercial kit (Linco Research, St Charles, MO) with antibody raised to highly puri®ed recombinant human leptin. 45 The inter-and intraassay coef®cients of variation (CVs) were 8.3 and 3.4%, respectively. Plasma insulin concentrations were measured by RIA method (Linco Research, St. Charles, MO) which allows accurate assessment with little or no proinsulin cross-reactivity and a CV of 10%. Plasma sTNF-R concentrations were measured by ELISA methods (R&D Systems, Minneapolis, MN for sTNF-R1 and Genzyme Diagnostics, Cambridge, MA for sTNF-R2) that permit accurate assessment with no TNF-a, TNF-b, or other interleukin cross-reactivity and a CV of`10%.
Statistical analyses
Age-adjusted anthropometric measures, dietary and lifestyle characteristics, and biochemical parameters were presented as mean values according to the quintile distribution of plasma leptin levels. We calculated Spearman correlation coef®cients between anthropometric measures and biological parameters to insure validity of inference without assumptions of normality. In multivariate linear regression analyses, we evaluated plasma leptin levels in 1994 as an independent linear predictor of 4-y weight change All three models controlled for age (years), height (inches), and baseline (1994) weight (pounds). Model 2 also controlled for cigarette smoking (never, past, and current smoking of 1 ± 14 or ! 15 cigarettesaday), alcohol drinking (average amount of alcohol consumption in quintiles), physical activity (average METsaweek), and hours since last meal before blood draw. Since insulin and TNF-a are important regulators of adipocyte biology and may be associated with leptin expression and production, 46 ± 48 for model 3, we further controlled for plasma insulin, sTNF-R1 (pgaml) and sTNF-R2 (pgaml) levels, and total energy intake (kcaladay) in 1994. We used regression diagnostics to determine the in¯uence of outliers. Because tests for nonlinearity were not signi®cant, we present only the regression coef®cients from linear models. After excluding potential outliers ( AE 3 Â interquartile range of the leptin distribution) from the primary analyses, the results were not appreciably different from those presented below. In the multivariate linear regression models, we used the robust variance model to insure validity of inference without invoking assumptions of normality by PROC MIXED in SAS (SAS Institute, Cary, NC).
Results

General characteristics of study subjects
The study subjects were divided into ®ve quintiles of plasma leptin level. At baseline, men in the highest leptin quintile (mean 12.1 ngaml) weighed more, were less physically active, and had higher circulating insulin and sTNF-R levels than men in the lowest quintile (mean 2.7 ngaml; Table 1 ).
Association of plasma leptin levels with weight gain
The correlations of body weight with plasma leptin, insulin, sTNF-R1 and sTNF-R2 levels are shown in Table 2 . Both plasma leptin and plasma insulin levels were positively correlated with body weight in 1994 and 1998. However, the association was limited to overweight men (BMI ! 25 kgam 2 ). Plasma leptin level was the only variable that positively correlated with weight change during the 4 y of follow-up (r 0.202) and this correlation was also limited to overweight men. Plasma sTNF-R levels were positively correlated with age and sTNF-R1 levels were positively correlated with body weight in 1994 and 1998 in normal weight men.
To determine whether the association between leptin and subsequent weight gain was independent of other predictors of weight change, we conducted analyses in multivariate linear regression models of 4-y weight change (Table 3) . After adjustment for age, baseline weight and height, cigarette smoking, alcohol drinking, and physical activity, increasing leptin level was signi®cantly associated with weight gain ( b 0.17, 95% CI 0.01 ± 0.32). In other words, a 10 ngaml higher baseline leptin level was associated with a 1.68 kg weight increase. To determine whether this association differed by baseline weight status, we strati®ed our regression model by baseline BMI (`25 and ! 25 kgam 2 ). Plasma leptin level was a strong signi®cant positive predictor of 4 y weight gain, 2.45 (95% CI 0.73 ± 4.18) kg per 10 ngaml increase in Plasma leptin and weight gain among men N-F Chu et al leptin among overweight men, but not among normalweight men. Adjustment for total energy intake and plasma insulin, sTNF-R1 and sTNF-R2 levels at baseline did not appreciably alter these results (Table 3 ). Furthermore, plasma insulin level was not independently associated with 4-y weight gain. Because smoking may affect leptin levels 48, 49 and introduce random error, we conducted a subanalysis excluding current smokers. Among overweight men in this analysis, a 10 ngaml higher baseline leptin level was associated with a 4-y weight gain of 2.72 kg (95% CI 0.86 ± 4.63). Among normal-weight men, the same increase in leptin level was associated with only a marginal weight change (70.27 kgangaml, 95% CI 7 3.59 ± 3.04 kgangaml). To ensure that our results were not an artifact of choosing an arbitrary cut-off point for obesity, we conducted further analyses, stratifying subjects into four groups according to baseline BMI (`23, 23 ± 24.9, 25 ± 27.9, and ! 28 kgam 2 ) (Table 4) . Although the study's power to test for statistical signi®cance within each category of BMI was limited, we did *P`0.05; **P`0.01; ***P`0.001.
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®nd an increasing trend in regression coef®cients from 0.07 for the lowest BMI group to 0.51 for the highest BMI group, which strongly supports the resistance hypothesis to leptin activity in obese subjects (ie hyperleptinemia is a marker of leptin resistance and associated with 4-y weight gain among overweight men; Figure 1 ). To con®rm our results, we divided the study subjects into two groups based on their weight change status (weight change`0.5 vs ! 0.5 kga4-y). Except for baseline plasma leptin levels, there was no signi®cant difference in age, body weight in 1994 and 1998, and BMI in 1994 (Table 5) .
Discussion
In this prospective study of 45 to 64-y-old US male health professionals, we found a signi®cant positive correlation between plasma leptin concentrations, weight, and 4-y weight change. The observed association between leptin and weight gain was limited to men with a baseline BMI of ! 25 kgam 2 , where a 4-y weight gain of 2.45 kg (95% CI 0.73 ± 4.18 kg) for each 10 ngaml increase in plasma leptin concentration was observed. Further control for plasma insulin and sTNF-R levels did not appreciably alter these results, and none of the variables including baseline Plasma leptin and weight gain among men N-F Chu et al plasma insulin was independently associated with weight gain. These data suggest that plasma leptin level is a signi®cant positive predictor of weight change among overweight men. Although this study was prospective, it had several limitations. Single measurement of plasma leptin, sTNF-R1, sTNF-R2 and insulin levels may be susceptible to substantial variation over a short interval. An ideal biochemical indicator would re¯ect long-term or cumulative exposure. 50 In a subsample of 82 men with plasma leptin measurements taken 4 y apart, we found an intra-class correlation of 0.74 and almost identical mean values (6.48 vs 6.54 ngaml), the implication is that¯uctuation of leptin levels over time is replicable. 44 Therefore, any error in leptin levels due to intraindividual variation or sample handling is likely to be small. Furthermore, to the extent that the error is not associated with weight change, the results reported here will be biased towards the null. Errors in self-reported anthropometric measures, dietary intake and lifestyle characteristics are also likely to be random and unrelated to biological markers. In a previous validation study of a subpopulation of 123 men from the HPFS, we found a strong correlation (r 0.97) between self-reported and technicianmeasured weight. Although men tend to underreport their true weight by 2.3 pounds, 39 systematic underreporting would not affect our results predicting weight change.
We recognize that the HPFS cohort does not represent a random sample of US men. Therefore, the plasma leptin concentrations, dietary patterns and other lifestyle characteristics of this age group may not re¯ect those of the general population. However, the homogeneity of the cohort with respect to educational attainment and socioeconomic status reduces the likelihood that other extraneous factors have biased our results. Because the ranges of plasma leptin levels (from 1.5 to 23.4 ngaml) and weight changes (from 710 to 15 kga4-y) are quite broad and are similar to what has been reported in other male populations, 38 the biological effects of leptin in this population can probably be generalized to all men of this age range.
In most human populations, plasma leptin concentrations are highly correlated with body fat amount, mass, and percentage, and with BMI. 17, 27, 28, 51, 52 Both ob mRNA levels in white adipose tissue and circulating leptin levels are higher in obese than in nonobese subjects; this observation suggests that leptin resistance, rather than leptin de®ciency, may be a cause of human obesity.
27,31 ± 33 However, it is dif®cult to prove that leptin resistance precedes rather than follows obesity. 34 Epidemiological evidence linking leptin to weight change is inconsistent, our study differs in design and conclusions from several previous reports that have found no positive association between leptin and weight gain. 35 ± 38,53 Lindroos et al 37 evaluated 49 control subjects (average BMI 40.7 kgam 2 ) from an obesity intervention study in Sweden, Plasma leptin and weight gain among men N-F Chu et al seeking an association between serum leptin levels and 4-y weight change among women with and without a parental history of obesity. A higher leptin level was associated with weight loss among women with no history of parental obesity. It is dif®cult to compare these results with those of our study because Lindroos and colleagues measured leptin in subjects before initiating conventional weight-reducing treatment. Substantial changes in diet or physical activity among morbidly obese subjects may increase leptin sensitivity and thereby lead to weight loss. In a study of 36 Pima Indians, Ravussin et al 36 reported an inverse association between leptin and 3-y weight gain. This result is contrary to our ®ndings, but, as in the study from Sweden, the average participant was morbidly obese in this population (mean BMI, 36.5 kgam 2 ). In fact, these investigators speci®cally selected non-diabetic, morbidly obese participants. Obesity and weight gain in this highly selected population may be more strongly determined by genetic factors than by the in¯uence of leptin or leptin resistance. 54 ± 56 In a prospective study of 180 non-diabetic native Americans, Haffner et al 38 examined the association between leptin and weight gain during 3.25 y of follow-up. The average BMI in this population (25.3 kgam 2 among men and 27.2 kgam 2 among women) was comparable to that in our population. These researchers found no difference among the baseline leptin levels of those whose weight increased, stayed the same, or decreased. Likewise, we found no signi®cant association between leptin and weight gain (Table 2) in the total population. Only when we limited our analysis to overweight men did an association between leptin and weight gain become apparent.
In conclusion, we found that higher baseline leptin levels were associated with weight gain during a 4-y follow-up period among overweight males. These results should be con®rmed in women and in other larger populations. If true, our results suggest that obesity-related leptin resistance (as hyperleptinemia at baseline) may be a marker of subsequent weight gain. However, it is simplistic to assume that human obesity is mediated by leptin resistance alone; the mechanisms involved in the development of obesity are complicated and are in¯uenced by energy balance, environmental and social in¯uences, dietary and physical activity patterns, energy regulation, and individualabiological susceptibility. Further studies of leptin resistance and of factors that can modify leptin levels in overweight individuals are necessary to better understand the etiology and management of obesity.
